Abstract-The coupling of light between wire-dielectric and photonic-crystal waveguides, characterized by a triangular lattice of air holes, is investigated through a finite-element time domain (FE-TD) approach, in order to optimize the transmission spectrum. The displacement of the inner-hole rows of the photoniccrystal waveguide, on both sides of the interface, has been shown to considerably improve the coupling, resulting in transmission values higher than 90% and 95% over bandwidths of hundreds of nanometers around 1550 nm. The new design approach is successfully proposed for input and output waveguides with width equal to √ 3Λ, as well as for larger widths, like 2 √ 3Λ and 3 √ 3Λ, with Λ being the period of the photonic crystal.
I. INTRODUCTION

I
N the path towards microscale optical integration, photoniccrystal waveguides (PCWs) arise as very interesting structures, as they can be the base of many microsize integrated devices, such as sharp bends and junctions, switches, couplers, filters, cavities, and multiplexers, which have already been experimentally demonstrated or theoretically predicted [1] - [4] .
PCWs can be obtained by introducing a line defect within the refractive-index periodic lattice, usually realized through air holes etched into a dielectric substrate or through an array of solid rods in air. Even if the latter approach is still far from the maturity required for reliable device manufacturing, it is intensively investigated, mainly due to its unique possibility to guide light in air. On the contrary, the first one is compatible with standard planar semiconductor-processing technology and is the object of great interest by many research groups. However, to achieve commercial viability as a platform for photonic integration, planar photonic-crystal technology has still to match stringent specifications [5] . In line with this, one important issue is to connect a PCW to the optical fiber. This can be done by evanescent field coupling as proposed in [6] , by an out-of-plane fiber-based coupler [7] , or simply by interposing a standard wire waveguide between the PCW and the optical fiber [8] . In this case, fiber and standard dielectric waveguide coupling has been the object of several analyses, as reported in [9] and the references therein, while a way to efficiently couple light propagation in PCWs into and from standard waveguides has to be accurately investigated. In fact, due to the substantial reflection and scattering arising at the PCW and wire-waveguide interface, the tapered structure and mode-conversion design are not trivial, and can result in PCWbased devices with high insertion losses. PCWs are usually designed to provide vertical confinement by refractive-index variation, while the two-dimensional (2-D) photonic-crystal lattice assures the in-plane confinement. Several analyses of this problem have thus been performed in two dimensions [10] . Many approaches have been proposed, such as tapered structures for PCW with solid rods in air [11] - [13] or surrounded by dielectric with lower refractive indexes [14] . Focusing on PCWs manufactured by etching air holes into semiconductor substrates, tapers obtained by using a distorted photonic-crystal lattice [15] , by gradually varying the rod diameter and depth [16] , [17] or by removing some input holes [18] have been proposed. However, even when the peak values are high, the computed transmission spectra often present strong oscillations and deep dips corresponding to the presence of mini-stopbands. It is well known, in fact, that a direct butt-coupling with a PCW, as well as a suddenly terminated PCW, exhibits reflections that can lead to Fabry-Pérot-type fringes [19] - [21] .
In this paper, the coupling between PCWs and standard dielectric waveguides is discussed and investigated to achieve high transmission spectra, which are as flat as possible in wide wavelength ranges around 1550 nm. The attention is focused on structures with triangular lattices of air holes etched into the device substrate, which have been simulated by means of a numerical approach based on the finite-element method in time domain (FE-TD) [22] . The position of the holes in the first rows that define the PCW boundaries is shown to be crucial in optimizing the coupling. Proper design can provide transmission spectra higher than 90% and 95% over bandwidths of hundreds of nanometers. The new design approach is first applied to input waveguides having widths equal to √ 3Λ, with Λ being the period of the triangular lattice. It is then applied to larger widths like, for example, 2 √ 3Λ and 3 √ 3Λ. In the next section, the details of the FE-TD is given, while in the third one, different kinds of interfaces are considered and design guidelines are discussed. The last section is devoted to the conclusion. media described by diagonal relative permittivityε r and relative permeabilityμ r tensors
where p i and q i , i = x, y, z, are the elements of the tensors p andq defined as
By separating the field Φ(y, z, t) as the product of a carrier phasor of angular frequency ω and a complex envelope φ(y, z, t), the wave equation can be rewritten as
Since the complex envelope undergoes time variations that are much slower than the full-wave field, this formulation allows for a significantly larger time step, considerably reducing the computational effort for a given time-interval analysis. The domain is then discretized using second-order triangular elements and the differential wave equation is reduced, through a Galerkin procedure, to a second-order matrix equation in the time variable
with {φ}(t) being the field vector at time t. The previous equation is solved in time by applying once again the FE method, resulting in a two-step marching scheme
where {φ} i is the computed field vector at the ith propagation step. Full derivation of the method and of the matrices involved is given in [22] , with considerations about the code accuracy through comparison with analytical solutions. The simulation yields the time-dependent field values once the input pulse is given. The corresponding spectra are obtained through Fourier transformation, giving the reflection and transmission coefficients as a function of frequency. In this way a single simulation permits the analysis of the spectral properties on a wideband, by employing a single broadband Gaussian pulse as the initial condition for the problem. Perfectly matched layer-boundary conditions have been considered for the calculations to ensure no back reflections in the simulation domain [23] .
The FE-TD simulation code was implemented in the C language on a Pentium III/933 MHz computer running the Linux operating system. Typical execution time was 14 min for the 200 time-steps simulation considering meshes with about 115 000 nodal points, with a peak memory occupancy of 97 MB.
III. INTERFACE DESIGN
To investigate the coupling efficiency between a wire waveguide and a PCW, a Gaussian pulse with the magnetic field perpendicular to the semiconductor surface and the PCW plane, that is, the yz plane, is launched along the input waveguide and sampled after the photonic crystal, in the output waveguide. A schematic of the structure is reported in Fig. 1 . The characteristic parameters of the PCW have been assumed by a real PCW manufactured by etching air holes through a GaAs slab. In particular Λ = 430 nm is the period of the triangular lattice, and the air-hole diameter is d = 258 nm. The input waveguide and the PCW substrate refractive index is n 1 = 2.94, while for the air, it is assumed n 2 = 1 [24] . The input-waveguide width is indicated as w. For the considered polarization, this lattice has a complete bandgap in the wavelength range 1.3773 µm ≤ λ ≤ 1.76532 µm and thus a line defect introduced to realize the PCW allows light propagation in the third telecommunication window. In particular, given the cited bandgap, all simulations have been done for pulses propagating in W 1 waveguides, considering pulse spectra in the wavelength range from 1.4 to 1.7 µm. W n denotes a PCW formed by removing n rows of air holes in the periodic array structure [16] . Note that the exact definition of the core boundaries as a function of the geometrical parameters Λ and d is difficult, since it is impossible to identify an interface that clearly separates core and cladding, as in standard dielectric waveguides. For this reason, in the following, PCWs will be specified as single W 1, or multiple W n, line-defect waveguides, whose core can be assumed as the solid region obtained by removing the air holes.
An electromagnetic field coming from a wire waveguide towards a PCW can undergo considerable losses due to scattering and reflections that arise in the transition region between the two guides. These losses are mainly related to the different spatial-mode profiles sustained by the two waveguides and to the impedance mismatch at the interface caused by the different core sizes and also by the presence of the photonic-crystal lattice, whose average refractive index is higher than that of air. These problems can be partially overcome; first, by choosing similar waveguide widths, in order to match the field profiles as much as possible, and second, by increasing the air fraction of the photonic-crystal lattice in the transition region to reduce the impedance mismatch. Following these guidelines, a preliminary analysis has been performed by choosing the input slab width equal to w = √ 3Λ, and by inserting half air holes at the input air-photonic-crystal interface, as can be observed in Fig. 1 . Note that, at the beginning, the attention has been focused on the input section only, while the output one has been kept fixed, without any changes introduced. Comments on the influence of the outcoupling section are given later, at the end of the present analysis, once the input section has been optimized. The described configuration allows for the computed transmission spectrum to achieve values between 90% and 97% in the whole 1.5-1.6-µm wavelength range. Further improvements have also been discussed in [10] . This considerable good result, however, only applies to input waveguides whose width is comparable to the dimension of a single-line defect PCW, i.e., a W 1 waveguide. For example, the width of the input waveguide in Fig. 1 is only w = 0.744 µm, while in standard dielectric waveguides, it can be considerably larger. It is thus necessary to consider tapering structures that couple wider waveguides to the narrowest line defect PCWs.
As a first step, the width of the input waveguide has been doubled, that is, w = 2 √ 3Λ = 1.49 µm. A direct butt coupling with a W 3 PCW, without a tapering structure, still produces very high transmission values, over 90%. However, the spectrum is characterized by a deep and large dip around λ = 1.5 µm, as shown in Fig. 2 . This mini-stopband reduces the field transmission down to values of about 10%. The effect of the dip can be observed by comparing the absolute value of the H x magnetic field component propagating in the structure, shown in Fig. 3(a) for λ = 1.5 µm and in Fig. 3(b) for λ = 1.6 µm. Inside the mini-stopband at λ = 1.5 µm, there is a remarkable interference at the interface, with the field radiated in the air cladding and in the photonic-crystal region, while at λ = 1.6 µm, the field couples in and out of the PCW with negligible losses. On the other hand, this kind of coupling with a W 1 PCW presents a transmission spectrum, also reported in Fig. 2 , which is quite flat, but with very low values, around 70%.
To overcome the problem, a slow transition between the width w and the dimension of the W 1 PCW has been investigated by gradually varying the diameter of holes marked in the inset of Fig. 4 , and by shifting their distance ∆z with respect to the interface of the two waveguides. The taper is composed of seven holes, whose diameter is progressively reduced in 20-nm steps. Results, reported in Fig. 4 , show that the oscillation can be considerably reduced and shifted in the shorter wavelength range by moving this transition region close to the input waveguide. In particular, when the transition region starts at a distance from the interface equal to one period, ∆z = Λ, a flat and over 90% transmission spectrum is obtained in the range 1.47-1.58 µm.
This approach has also been generalized to design tapering structures for wider input planar waveguides. In Fig. 5 , a guide with width w = 3 √ 3Λ is coupled to a W 1 PCW, passing through the W 5 and W 3 sections. The first taper, with three modified holes, is located at a distance equal to 3Λ from the interface, followed by a second tapering section, again realized with three holes, followed in turn by the single line-defect PCW. Results still provide high transmittivity, even if slightly worsened by the more complex interface. Its final values, however, are still very high, with an average higher than 85%. It is worth noting that a direct butt coupling with a W 1 PCW would provide very low transmission values around 50%-60%, as shown in the same figure.
However, the important aspect to be noted from results reported in Fig. 4 is that the strong transmission dips shift to lower wavelengths as the taper advances towards the interface. Thus, the next step has been to check the device when the taper is inserted directly inside the wire waveguide. Several positions have been investigated, and the optimum advancement value of the taper is found to be equal to ∆z = −3Λ from the interface, with the structure depicted in the inset of Fig. 6 . Beyond this value, dips from higher wavelengths are pushed down into the considered PCW transmission range without further enhancement. This permits pushing the dips completely outside the 1.4-1.7-µm band, achieving transmission values between 85% and 95% in the range 1.4-1.65 µm, as shown by the solid curve of Fig. 6 . The same approach has been applied to a wider input waveguide, obtaining an optimum coupling by advancing the taper by ∆z = −5Λ from the interface, as shown in the inset of Fig. 7 . In this way, the transmission spectrum is over 85% for almost 200 nm, starting from 1.45 µm. These very good performances are due to the fact that these structures address the problem of different guiding principles of the wire and the PCW. By placing the air holes farther from the interface, the field starts to be confined before the beginning of the photonic-crystal section, with the air holes still being small enough to avoid abrupt and significant effective-index perturbations. This reduces reflection and scattering as the field reaches the interface border.
The transmittivity decrease noticed for high wavelengths, around 1.7 µm, is mainly due to the output transition, which has been kept unchanged, as explained at the beginning of the section, featuring a butt coupling to a standard dielectric waveguide. In fact, further beneficial effects on the transmission spectra can be obtained by designing the outcoupling section in a similar way as done for the incoupling one. The results reported in Fig. 8 have been obtained by considering symmetric structures, that is, with two equal tapers and two equal input and output waveguides of width w = 2 √ 3Λ, curves a, and w = 3 √ 3Λ, curves b, as well as by considering the half air holes in the output section. The inset of Fig. 8 depicts the structure in the case of w = 2 √ 3Λ. For comparison, the curves of the optimal single-taper structures, shown in Figs. 6 and 7, are also reported. The transmission values increase and become higher than 95% over more than 150 nm and higher than 90% on the whole band in case a, and higher than 90% over a 200-nm range in case b.
These structures could also be designed to couple wire waveguides with different dimensions by considering PCWs with different sections at the input and the output ports. An example is reported in Fig. 9 , where the PCW is coupled in and out to wire waveguides with w = 2 √ 3Λ and w = 3 √ 3Λ. The best situation, depicted in the inset, is obtained by having the narrower input wire and the wider output one. The related transmission spectrum (solid curve) is consistently better by as much as 7% than the opposite configuration, described by the dotted curve.
IV. CONCLUSION
The effect of shifting the first rows of holes, which define the PCW boundaries across the interface between conventional dielectric waveguide and PCW, has been accurately investigated. Considerable improvements have been obtained by inserting air holes in the wire waveguide. The final structures are simple and straightforward, as they just require the etching of air holes in the input and output waveguides, as already done for the PCW itself. Input and output ports with different dimensions have been successfully coupled with W 1 PCWs, providing actual examples of the proposed design solutions. Transmission spectra with values higher than 90%-95% have been achieved within very large wavelength ranges around λ = 1.55 µm, and particular care has been taken to achieve flat spectra. Strong oscillations and deep dips have been eliminated or moved out of the 1.4-1.7-µm window.
